The multiwavelength anomalous diffraction (MAD) method for phase evaluation is now widely used in macromolecular crystallography. Successful MAD structure determinations have been carried out at the K or L absorption edges of a variety of elements. In this study, we investigate the anomalous scattering properties of uranium at its MIV (3.326 Å) and MV (3.490 Å) edge. Fluorescence spectra showed remarkably strong anomalous scattering at these edges (f ‫؍‬ ؊70e, f ‫؍‬ 80e at the MIV edge and f ‫؍‬ ؊90e, f ‫؍‬ 105e at the M V edge), many times higher than from any anomalous scatterers used previously for MAD phasing. However, the large scattering angles and high absorption at the low energies of these edges present some difficulties not found in typical crystallographic studies. We conducted test experiments at the MIV edge with crystals of porcine elastase derivatized with uranyl nitrate. A four-wavelength MAD data set complete to 3.2-Å Bragg spacings was collected from a single small frozen crystal. Analysis of the data yielded satisfactory phase information (average difference of 0 T ؊ 0 A for replicated determinations is 32°) and produced an interpretable electron-density map. Our results demonstrate that it is practical to measure macromolecular diffraction data at these edges with current instrumentation and that phase information of good accuracy can be extracted from such experiments. We show that such experiments have potential for the phasing of very large macromolecular assemblages.
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MAD ͉ protein crystallography ͉ resonance scattering ͉ x-ray absorption X -ray absorption increases sharply as the energy of incident x-rays meets the transition energy needed to excite an electron from an atomic orbital into the continuum. A prominent peak of absorption, known as a ''white line,'' can also appear at an absorption edge. These features enhance the intrinsic atomic absorption to produce a very rapid change with respect to wavelength in the vicinity of the absorption edge. White line features result from the stimulated resonant transition of an electron from a bound atomic state to an unoccupied molecular orbital. A resonant modulation of x-ray scattering accompanies the dispersion of x-ray absorption; these anomalous scattering increments to the normal scattering include an imaginary part, fЈЈ, that is proportional to the x-ray absorption spectrum and a real part, fЈ, that is related to fЈЈ by the Kramers-Kronig dispersion integral. The method of multiwavelength anomalous diffraction (MAD) takes advantage of such anomalous dispersion of x-ray scattering to accomplish de novo phasing of macromolecular crystal structures (1) . In a MAD experiment, diffraction data are measured at several different wavelengths chosen in the vicinity of the absorption edge of a certain anomalous scatterer present in the crystal. This approach contrasts with the more conventional multiple isomorphous replacement (MIR) method, in which data sets are collected at the same single wavelength from native and different heavy-atom derivatives of the crystal. Anomalous scatterers have different atomic scattering factors at the different wavelengths, which gives rise to variation in diffraction intensity. In effect, MAD thus achieves in situ MIR with the guarantee of perfect isomorphism.
MAD is now widely used for structural analysis of biological macromolecules as appropriate synchrotron beamlines have become broadly available. Successful MAD experiments have been carried out with many different anomalous scatterers over a wide energy range from 7.1 keV (Fe K edge) to 17.2 keV (U L III edge) (refs. 1-3). They include two types of absorption edges, the L III or L II edges of heavier elements (e.g., Hg, Pt, and Yb), many of which are also commonly used for MIR derivatives, and the K edges of lighter elements (e.g., Se and Fe). K-edge scatterers are often intrinsic to the macromolecule (e.g., iron in a heme protein), or they can be engineered to become an integral part of the macromolecule (e.g., in selenomethioninyl proteins and brominated oligonucleotides); thus, full occupancy can be guaranteed. L III -edge scatterers have the advantage of producing significantly greater anomalous scattering and sometimes a much stronger white-line structure. This enhancement can be rationalized rather simply. Whereas the K absorption edge results from the excitation of a 1s electron to p states, the L III edge couples a 2p 3/2 electron to d states. Therefore, there simply are more electrons to participate in the transition and more unoccupied molecular obits into which these core electrons can be transferred when comparing L III with K edges (4) . A direct extension of this reasoning is that we can expect even stronger anomalous scattering from M IV and M V absorption edges, which couple 3d 3/2 and 3d 5/2 electrons, respectively, to 5f states. Because the M absorption edge energies are much lower than those of L edges but increase with atomic number, uranium, the heaviest stable element, stands as the natural candidate to study. Indeed, there is both experimental and theoretical evidence for very strong anomalous scattering at the M IV and M V edges of uranium (5) (6) (7) (8) .
We report here our investigation of the anomalous scattering property of uranium at its M IV and M V edges. Results from our experiments show that the anomalous scattering power at these edges is indeed quite remarkable (extreme values of fЈ ϭ Ϫ70e, fЈЈ ϭ 80e at the M IV edge and fЈ ϭ Ϫ90e, fЈЈ ϭ 105e at the M V edge). The possibility of phasing very large macromolecules by MAD experiments at these edges is particularly interesting to us. However, these edges are located in an energy range much lower than that typically used for crystallographic study and bring about some particular experimental difficulties, the principal one being the much stronger x-ray absorption in this energy range because absorption increases with the cube of wavelength. Although previous attempts have been made to study anomalous diffraction at the K absorption edges of sulfur and phosphorus (9, 10), there have not to our knowledge been any complete structural studies at atomic resolution in this low energy range. To assess the feasibility of such an experiment, we conducted test Abbreviation: MAD, multiwavelength anomalous diffraction; MIR, multiple isomorphous replacement. § To whom reprint requests should be addressed. E-mail: wayne@convex.hhmi. columbia.edu.
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MAD experiments at the M IV edge by using a porcine elastase crystal derivatized with uranyl nitrate. Apart from some modifications on the beamline and the image-plate cassette, the data collection was carried out by essentially standard oscillation methods. Complete MAD data sets were collected to 3.2-Å Bragg spacings at four different wavelengths, and subsequent analysis shows that the phase information extracted from this data set is as accurate as the more standard MAD experiments.
Methods
Beamline Setup. Experiments were carried out on beamline X4A of the National Synchrotron Light Source (11) . The beamline optics include a fixed-exit, double-crystal Si(111) monochromator with sagittal focusing in the horizontal direction. The energy resolution ⌬E͞E is estimated to be about 2 ϫ 10
Ϫ4
. A fused silica mirror is used at lower energies to concentrate the beam in the vertical direction while filtering out higher order harmonic wavelengths, particularly the (333) reflection from the monochromator. The main experimental difficulty is the much stronger x-ray absorption in this energy range. Table 1 gives the absorption lengths for 1͞e reduction in x-ray intensity at the M IV and M V edge energies for some of the absorbing materials present along the beam path. Under the standard configuration of the X4A beamline, the x-ray flight path inside the radiation hutch consists of various instruments such as the filter wheel, the attenuator wheel, the shutter wheel, and two 5-cm-long N 2 ion chambers for intensity monitoring. Segments between these elements are covered with evacuated beam pipes, and each segment is sealed on both ends by 25-m-thick Kapton film (total number 10), with substantial gaps exposed to air. It is estimated that the absorption from the Kapton films and the air path would reduce the intensity of x-ray at the M IV edge by two orders of magnitude. To minimize the intensity losses in these experiments, all beampath segments inside the hutch including the associated instruments were removed and replaced with a single evacuated beam pipe that extended all the way to the exit end of the collimator, which is only a few millimeters from the sample. These modifications effectively eliminated the above mentioned absorption. An electromagnet-driven mechanism inside this beam pipe served as the x-ray shutter.
Spectrum Measurements. Fluorescence absorption spectra were measured from a UF 4 -coated mylar film, a single RbUO 2 (NO 3 ) 2 crystal, and uranyl-derivatized elastase crystals by scanning x-ray energy. A Li drifted silicon detector cooled at liquid nitrogen temperature was used to collect the fluorescence scattering. The detection surface was placed perpendicular to the polarization vector of the x-ray beam to minimize the detection of scattered photons. Pulse signals from the detector were routed to a multichannel analyzer. The energy resolution of this system is calibrated to about 180 ev @ 5.9 keV and is sufficient to distinguish direct scattering photon and fluorescence emission photon energy wise. We were, therefore, able to exclude the majority of direct scattering background by setting the proper upper and lower cutoff limits on pulse signal height. Typical final count rates were 5000 counts͞s at the M IV edge and 1500 counts͞s at the M V edge, and we were able to obtain relatively clean absorption spectra. The background discrimination provided by this scheme was critical because we were unable to detect the absorption edge in previous experiments by using a scintillation counter, which has poor energy resolution.
Diffraction Data Collection. Although anomalous scattering is stronger at the M V edge than at the M IV edge, we chose to conduct the test experiment at the M IV edge because of the higher x-ray intensity available (about three times that at the M V edge). A very large detection area was required for data collection to a reasonable resolution limit as a result of the unusually long x-ray wavelength used in this experiment as dictated by the Bragg relation, 2d sin ϭ . Two 20-cm ϫ 40-cm Fuji imaging plates were put together in a specially designed cassette holder to provide a 40-cm ϫ 40-cm detection area, and they were placed at a distance of 90 mm from the crystal to cover diffraction out to about 3.2-Å Bragg spacings for M IV -edge x-rays. No black paper was used to shield the image plates from room light, as is usually done, to eliminate x-ray absorption by the paper. All data collection was therefore done with lights off inside the radiation hutch, and care was taken to minimize the stray lights when opening the hutch to retrieve the imaging plates. A helium cone was specially built to fit between the crystal and the imaging plates. Use of a helium path proved to be absolutely necessary even though the detector was very close by usual standards. This is so not only because absorption through 90 mm of air is itself significant (Table 1) , but more importantly because the distance from the crystal to the edge of the plate is about three times longer than to the center, which would drastically reduce the diffraction intensity.
Porcine pancreatic elastase (Sigma) was chosen for this test experiment because it produces crystals of excellent diffraction quality that are well known to have a good uranyl derivative (12) . Orthorhombic crystals were grown and derivatized by soaking in 2 mM uranyl nitrate as described earlier (13) . A relatively small single crystal with dimensions Ϸ70 m ϫ 70 m ϫ 200 m was chosen for MAD data collection to reduce x-ray absorption in the crystal (Table 1 ). The crystal was cryoprotected by soaking for several hours in a stabilizing solution containing 20% ethylene glycol and was then flash frozen in the cold stream of an Care was taken to minimize the solvent frozen around the crystal to reduce needless absorption. MAD data were collected at four wavelengths chosen to maximize both dispersive and Bijvoet signals: 1 (3728 eV, ascending inflection point of absorption and minimum of fЈ), 2 (3730.5 eV, peak of absorption and fЈЈ), 3 (3733 eV, descending inflection point of absorption and peak of fЈ), and 4 (3770 eV, remote point). Although the beamline is equipped with a four-circle Huber diffractometer, only the phi motion was possible in our setup because of the closeness of the imaging plate cassette and the helium cone. To avoid the missing-cone problem in data collection, the crystal was aligned such that the (101) axis was approximately parallel to the phi axis. Friedel mates were collected by using the inverse-beam method. Oscillation steps of 2.5-3.5°were used with 0.5°overlap, and the typical exposure time was 6-10 min. On finishing the four-wavelength MAD data collection, the x-ray energy was shifted to 11.3 keV (1.097 Å) to collect an additional ''normal'' data set from the same crystal. These data were used subsequently for an independent refinement of the frozen uranyl elastase crystal structure. Although no significant radiation damage was seen and the crystal still diffracted at least to 1.8-Å spacings, data collection was completed only to 2.3 Å because of limited beamtime.
Results
Spectrum. Atomic anomalous scattering factors were derived from fluorescence absorption spectrum data by previously described procedures (2) . The imaginary component, fЈЈ, is directly proportional to the atomic absorption coefficient. The relatively flat parts of the spectrum away from absorption edge were fitted to standard values of the absorption coefficient (14) to determine the proper scale factor, and fЈЈ values were then calculated over the entire energy range. The real component, fЈ, was in turn derived from fЈЈ by the Kramers-Kronig transformation. The anomalous scattering factors fЈ and fЈЈ at the M IV and M V edges calculated from a fluorescence absorption spectrum measured from a UF 4 -coated film are shown in Fig. 1 Tables 2, 3 , and 4. A Fourier synthesis based on these derived phases and the extracted ͉F T ͉ values was of interpretable quality (Fig. 2) .
Phase Comparison. For an objective assessment of the accuracy of the MAD phases determined in this experiment, we compared the MAD phase with the phase calculated directly from the refined structure model. The cell dimensions of our frozen crystal have changed significantly from that of the unfrozen ones reported earlier. We proceeded with the refinement against the 2.3 Å data collected at higher energy (5, 1.097 Å) from the same crystal. The PDB entry 3EST (16) was used as the starting model, which was refined initially as a rigid body and then in several rounds of individual-atom conjugate-gradient minimization, followed by temperature factor refinement and water building. The refined model had good geometry and a final R value of 20.1%. Model phases calculated from this final refined structure were compared with the MAD experimental phases, and the results are shown in Table 5 . To place these results into perspective, Table 6 also lists the same difference between the experimental and refined-model phases as reported for several other protein structures determined by MAD (2, 3, 17, 18) . It can Table values represent rms(⌬͉F͉)͞rms(͉F͉), where ⌬͉F͉ is the Bijvoet difference at one wavelength (diagonal elements) or of the dispersive difference between two wavelengths (off-diagonal elements). The values in parentheses are the ratios for centric Bijvoet reflections, which would be equal to zero for perfect data; these serve as an estimate of the noise in the anomalous signals.
be seen that the overall accuracy of the MAD phases obtained in our experiment based on the uranium M IV edge is comparable to that from more conventional MAD analyses.
Discussion
The signal strengths in a MAD experiment are customarily measured by the average Bijvoet difference, ͉⌬F͉ Ϯh , and dispersive difference, ͉⌬F͉ ⌬ , relative to the average structure factors, and these can be conveniently estimated with the following formulae (19) : for the expected Bijvoet-difference ratio,
and for the expected dispersive-difference ratio,
[
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Here, N A is the number of anomalous scattering atoms and N is the number of all non-hydrogen atoms, which on average have an effective atomic scattering factor Z eff (6.7 for typical proteins). It can be seen from the above formulae that, whereas the relative MAD signal is directly proportional to the anomalous scattering factors, it is affected only by the square root of the number of atoms. Therefore, to obtain a certain level of MAD signal for a larger structure, one can either increase the number of anomalous scatterers of a given strength or use a stronger anomalous scatterer. The former approach has been effective with mega-site selenium structures (20) , but the latter approach also has great potential. The relative strength of the uranium M edges is striking when compared directly with that from a lanthanide L edge and from the selenium K edge (Fig. 3) . Thus, the extraordinary anomalous scattering exhibited by uranium at its M IV and M V edges presents itself as a powerful phasing vehicle for very large systems. The exciting potential of uranium M edges can be illustrated by a thought experiment, taking the example of the 50S ribosomal subunit, one of the largest and most interesting biological complexes yet crystallized. Crystals of the 1.6 million-Dalton 50S subunit from the halobacteria Haloarcula marismortui diffract well (21, 22) and have now been analyzed at 2.4 Å resolution to define the positions of nearly 90,000 atoms (22) . Initial phase information derived from electron-microscopic images at low resolution was used to define the sites of many heavy atoms and extend the phasing to high resolution. One can contemplate an alternative approach based on a MAD experiment at the uranium M V edge. Maximal dispersive and Bijvoet difference can be achieved with three wavelengths associated with the dramatic M V absorption edge: 1 (ascending inflection point), 2 (absorption peak), and 3 (descending inflection point). From data presented in Fig. 1 , these give fЈЈ( 2 ) ϭ 105e and fЈ( 3 ) Ϫ fЈ( 1 ) ϭ 10e Ϫ (Ϫ90e) ϭ 100e. Then, assuming only one uranyl ion for each complex, the maximum Bijvoet and dispersive signals would be 6.7% and 3.2%, respectively, appreciably higher than that obtained for many published MAD structure determinations. Such an experiment could provide phase information out to spacings approaching 3 Å as in our elastase experiment, but, in less favorable circumstances, the phase information corresponding to lower resolution and poorer quality could still serve as an important phasing foothold for a very large complex. Data 
0 FT(h) is the structure factor due to normal scattering from all the atoms. 0 FA(h) is the structure factor due to normal scattering from the anomalous scatterers only, and ⌬(h) is the phase difference between 0 FT(h) and 0 FA(h). ⌬(⌬) is the difference between independent determinations of ⌬(h) ϭ 0 T Ϫ 0 A. measured at more convenient wavelengths, nearer to 1 Å as with our 5 and perhaps at the K or L III edge of another element, could then be used to complete the structure analysis.
Several issues would need attention when planning a MAD experiment at the uranium M IV or M V edges. The integrated diffraction intensity measured in an oscillation experiment is given by the expression (12):
where I 0 is the beam intensity; the oscillation speed; P, L, and A are polarization, Lorentz, and absorption correction factors, respectively; V x is the volume of the crystal immersed in the beam and V c is the unit-cell volume. Absorption for x-rays at the energy of uranium M IV and M V edges imposes a fundamental limitation on the dimension of crystals that can be used in such diffraction experiments. The potential increase in diffraction with crystal volume is diminished and ultimately offset by absorption inside the crystal. The optimal x-ray path length equals the absorption length (12) , which at these energies is Ϸ100 m in the dimensions that x-rays will transverse (Table 1) . Therefore, the diffracting volume is essentially fixed independent of molecular size. For larger macromolecular complexes, the unit-cell volume V c is expected to increase accordingly. Because ͉F͉ 2 will also increase proportional to the unit-cell content, the integrated intensity will be effectively proportional to the inverse of V c . Therefore, the diffraction intensity for a large macromolecular assemblage such as the ribosome will be approximately two orders of magnitude weaker than that from smaller protein crystals such as elastase. Moreover, reflections are necessarily close together in diffraction patterns from large unit cells. Consequently, MAD experiments on large complexes at the uranium M edges will require a bright x-ray source that can deliver a high flux of highly parallel x-rays focused into a small spot.
Fortunately, undulator beamlines at third generation synchrotron facilities can provide dramatically improved brilliance as compared with that from bending-magnet beamlines, such as X4A. Obviously, a first requirement for any beamline that can accommodate experiments at the uranium M V edge is a monochromator that can reach energies down to nearly 3.5 keV, and it needs to do so with an absolute minimum of absorbing materials in the beam path. It is also highly desirable, if not essential, in such a MAD experiment to reduce the effect of systematic errors, such as those from radiation damage and absorption, by collecting all data needed to define the phase of a given ref lection (different wavelengths and Bijvoet mates) under similar circumstances. Thus, an appropriate beamline should have the capability to switch rapidly among the several wavelengths and to rotate quickly by 180°for inverse-beam measurements. Although it is possible to tune the spectrum from an undulator by changing the magnet gap width, it may be impractical to do so on an image-to-image basis. In the case of uranium M IV or M V edges, however, an optimal experiment can be conducted within the 5-ev energy span between the ascending and descending inf lection points of the white-line feature. Therefore, uranium M-edge experiments could readily be performed on an undulator beamline at a single gap setting.
In conclusion, we believe our work demonstrates that it is practical to conduct MAD experiments at the uranium M IV and M V edges with the current instrumentation and that the strength of anomalous scattering at these edges provides new options for attacking very large macromolecular assemblages. 
